Interest has been revived recently' 2 in the concept3 that histones function as regulators of cell metabolism and differentiation at the level of DNA-primed synthesis of nucleic acids. If histones do, in fact, act physiologically in this control function, then a new problem arises concerning the control of histone synthesis itself, "Quis custodiet ipsos custodes."3' An initial phase in the answering of this question is the determination of the site and mechanism of histone biosynthesis. Since the nucleus is known to contain histones, it is reasonable to look to this organelle as the site of their biosynthesis.
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General protein biosynthesis in the nucleus has been studied by Allfrey et al.,46 and they have demonstrated the existence of a nuclear system in calf thymus which incorporates amino acids into the general (trichloroacetic acid-precipitable) protein of the nucleus during in vitro incubations. While the nuclear system resembles the cytoplasmic system of protein biosynthesis in the steps of amino acid activation and polymerization, the nuclear and cytoplasmic systems can be distinguished. Among the documented differences' are the insensitivity to RNase and dependence upon Na+ in the case of thymocyte nuclei. The calf thymus nuclear system of Allfrey et al., with these distinguishing characteristics, was used in the present work to test the nucleus as the site of biosynthesis of histone.
Of the total proteins of the cell nucleus, the histones represent a relatively simple group of highly basic proteins distinct from other nuclear proteins. This distinction is based classically on the extractability of histones from nuclei by acid. Although most studies of protein biosynthesis have measured the incorporation of radioactive amino acids into even more broadly defined protein groups (e.g., trichloroacetic acid precipitates), the classically defined histones seemed too general a fraction for the purposes of the present experiments. Random polymerization of amino acids could lead to the production of basic polypeptides which were not authentic histones, and so it was felt necessary to study amino acid incorporation into a naturally occurring histone. The histone whose biosynthesis was studied in the present work was, therefore, identified with authentic lysine-rich histone by chromatography, electrophoresis, and amino acid analysis. Brunish and Luck' reported an incorporation of amino acids into histone which was apparently nonenzymic, and they stressed the importance of demonstrating incorporation into normal peptide linkage as a criterion of true protein synthesis. This criterion has been applied in the present work. VOL. 51, 1964 BIOCHEMISTRY: REID AND COLE 1045
Materials and Methods.-Isolation of nuclei: Calf thymus glands were obtained fresh from the slaughterhouse (ca. 15 min after death) and were immediately stored on ice. Nuclei were isolated at 40C by the method of Allfrey, Mirsky, and Osawa4--the mild homogenization in a 1-qt Waring Blendor being stroboscopically controlled with a Variac at exactly 1,000 rpm for 4 min. Each 50-gm batch of thymus yielded ca. 4 gm of blotted nuclei after sedimentation at 1,000 X g for 7 min. Aliquots of nuclei before and after incubation were examined by electron microscopy using 0.75% isotonic KMnO4 fixative and embedding in butyl methacrylate after dehydration and prior to sectioning. Nuclear preparations were also counted in a hemacytometer before and after incubation using phase contrast microscopy.
Incorporation conditions: Thirty-ml aliquots of nuclei in 0.25 M sucrose-3.3 mM CaCl2 containing ca. 3 gm wet weight (1.5-2 X 101s) of nuclei were placed in 125-ml Erlenmeyer flasks. To the suspension was added slowly, with stirring, 27 ml of a mixture containing 15 ml of 0.1 M K2PO4, pH 7.1, in 0.25 M sucrose-3.3 mM CaCl2 plus 12 ml of 0.1 M glucose containing 12 mg per ml of NaCl and 10 jsmoles of MgCl2 per ml. Little or no nuclear clumping was observed when the medium was constituted in this way. To the resulting 57 ml was added 1.5 ml of C14-labeled, mixed amino acids (yeast protein hydrolysate, Schwarz lot 6101, dil. X 25) containing 60 1AC
(1.2 mg). The flasks were then incubated aerobically with shaking (150 cycles per min) at 370C for 60 min. The reaction was stopped by rapid cooling to 10C in ice-brine, and the nuclei were centrifuged down at 2,000 X g for 30 min.
Isolation of histone: The nuclei were broken by vigorous blending in a Lourdes microblendor in 10 ml of 0.14 M NaCl, pH 4.0, and nucleoprotein was sedimented at 2,000 X g for 30 min and washed twice. Lysine-rich histone was extracted from the nucleoprotein into 5% trichloroacetic acid (TCA) by the method of deNooij and Westenbrink.8 After dialysis (15 hr at 40C) and concentration, the histone was made up to 2 ml with water and neutralized to pH 6.5 with dilute NaOH. The slight turbidity on neutralization was removed by centrifugation, and the clear histone solution stored frozen. Mixed arginine-rich and slightly lysine-rich histones were backextracted from the 5% TCA nucleoprotein precipitate by 5 min vigorous blending in a PotterElvehjem homogenizer in 10 ml of 0.25 N HC1 at 00C followed by 2 hr stirring of the resulting slurry at 00C. After centrifugation, protein was precipitated from the clear supernatant solution at 5% TCA, redissolved in water and reprecipitated, extracted with acetone (15 volumes), then ether, and dried for weighing and counting. The amino acid composition of this fraction agreed with values expected for a mixture of arginine-rich and slightly lysine-rich histones. Neither histone fraction contained nucleic acid as judged from UV spectra. The nonhistone "residual protein" was freed of nucleic acid by digestion in 5% TCA at 900C for 15 min; washed in TCA, ethanol, and ether; and dried for plating and counting. For radioactivity determinations, the histone preparations (0.1-0.2 mg) were plated from aqueous solution onto aluminum planchets (infinite thinness), dried at 1100C, and counted on a Nuclear-Chicago gas flow counter (30% efficiency) to 1 or 2% standard error. Concentrations of protein were determined by weighing and also by the method of Lowry et al.9 using standard curves constructed with weighed amounts of the appropriate protein fraction. Histone fractions were characterized by amino acid analysis on aliquots hydrolyzed in vacuo for 20 hr at 1100C in 6 N HCl. Analyses were performed on a Beckman/Spinco amino acid analyzer.
Fractionation and electrophoresis: Fractionation of the initial lysine-rich histone preparation was carried out on a column of carboxymethylcellulose (Biorad-0.82 meq per gm) 35-X 1-cm pre-equilibrated with 0.2 M Na acetate, pH 4.2. The sample was applied in 2 ml water, and the column eluted at room temperature with 0.2 M Na acetate buffers containing 0.1 M increments of NaCl, all at pH 4.2. Three-ml samples were collected at a flow rate of 0.4 ml per min. The purity of the lysine-rich histone (0.03-mg aliquots) was monitored by gel electrophoresis in 15% polyacrylamide at pH 4.5 in 5-mm diameter gels (40 volts per cm, 25 min) using the method of Reisfeld, Lewis, and Williams. 10 Tryptic digestion and peptide fractionation: Digestion with trypsin (Worthington 3X crystallized) was carried out on a 3-mg aliquot of the radioactively labeled histone in 2 ml 0.02 M (NH4)2-C03 buffer, pH 8.0, (histone: trypsin = 75) at 25°C for 16 hr using phenol red as internal indicator.
Digestion was stopped by acidifying to pH 1.5 (pH paper) with dilute HCOOH. The digest was lyophilized three times to remove ammonia and then applied in a volume of 1.5 ml at pH 1.5 to a 15-X 1-cm column of Dowex-50 X 8 pre-equilibrated with 0.2 M pyridine acetate, pH 2.8. The column was eluted with a linear gradient (30 ml per hr) of 0.2 M pyridine acetate, pH 2.8, to 2.0 M pyridine acetate, pH 5.2, in a volume of 500 ml. Four ml fractions were collected and taken to dryness at 60'C in a stream of air. Each tube was reconstituted to 0.12 ml with water, and 0.08-ml samples were plated, dried, and counted. The remaining 0.04 ml was hydrolyzed for 150 min at 90'C in 1 ml of 2.5 N NaOH, neutralized with 1 ml 30% acetic acid, and assayed with ninhydrin. 1' Results.-General properties of incorporation system: Using essentially the same conditions as Allfrey et al. for general nuclear protein synthesis, we initially investigated incorporation into three separate groups of protein found in nucleoprotein and fractionated by virtue of their trichloroacetic acid (TCA) and hydrochloric under these conditions as reported by Kodama and Tedeschi.12 Using a combination of hemacytometer counting and electron microscopy before and after incubation, the counts of nuclei were equal within experimental error in direct contrast to their report.
Characterization of lysine-rich histone formed: It was noticed that the lysine-rich histone isolated as described in the text was extensively degraded as shown by the ".~~~~~~~~~~~~~~~~~~~ ._ .._.
: : : x . . . . . . . . Fig. 1 (Fig. 1) . That the complexity of this pattern was due to proteolytic degradation of the parent lysine-rich histone and not to other distinct proteins was deduced from the following facts: (a) the whole complex mixture gave, on amino acid analysis, no cysteine, methionine, histidine, or tryptophan (UV) as expected for lysine-rich histone; (b) lysine-rich histone isolated from thymus by the same isolation procedure performed rapidly on tissue frozen on dry-ice immediately after death presents a simple electrophoretic picture. In these gel patterns, the fast-moving electrophoretic band is very faint and is, therefore, a relatively minor component and represents small molecular weight compounds not retarded at all by the 15 per cent polyacrylamide. After noticing this degradation it was found that, by working more rapidly and using ice-brine solutions at -0SC as coolants, the degradation could be much reduced (Fig. 2) . It was found that most of the degradation products could be fractionated froin the histone using a modification of the carboxyimethylcellulose method of Johns monitoring the fractionation by 3 gel electrophoresis (Fig. 1) . The The specific activities reported hereafter are those for this "carboxymethylcellulosepurified" lysine-rich histone. Amino acid composition of the unfractionated material and the main peaks from carboxymethylcellulose fractionation are presented in Table 2 , together with values reported by Cranmpton, Stein, and M\Ioore,'4 for chroinatographically purified lysine-rich histone.
As further evidence that this labeling was not due to absorbed radioactivity, a sample of the purified lysine-rich histone at pH 6 was mixed with an excess of 18 unlabeled amino acids and equilibrated for 1 hr at room temperature. It was then desalted on Sephadex G-25 using 0.02 N HCl eluant. All the radioactivity emerged with the "breakthrough" peak, and no counts exchanged into the later peak of amino acids. However, the data of Brunish and Luck7 demonstrating an apparently nonenzymic "incorporation" of labeled amino acids into histone prompted us to demonstrate that de noi'o incorporation into discrete peptides derived from the histone had occurred. Flamin, Birnstiel, and Filner" have attempted to show this for general protein synthesis in isolated tobacco cell nuclei, but the data they presented is somewhat equivocal.
To prove incorporation had occurred throughout the peptide chain of the histone a 3-ng sample of purified lysine-rich histone was digested with trypsin, and the 12, 213 (1962) . These values are uncorrected for hydrolytic losses and are subject to 4 10% error due to the small aliquots which could be afforded for hydrolysis giving small effluent peaks on the amino acid analyzer. resulting peptides were fractionated on a Dowex-50 column (Fig. 4) . As can be seen, the peptide pattern and radioactivity matched very closely, indicating that all the peptides were labeled. No attempt was made to fractionate all of the many tryptic peptides completely from each other; however, the number of peaks obtained was of the order of magnitude expected for a protein of 29-30 moles per cent basic residues and a molecular weight of ca. 14,000 (J. M. Kinkade, unpublished data). The advantage of this technique of radiopeptide mapping lies mainly in the fact that it is much more quantitative than ninhydrin spraying of normal paper "fingerprints" and subsequent radioautography of the sheets. Also at this level of labeling, each peptide would have, on the average, only 300 cpm-a level which VOL. 51, 1964 BIOCHEMISTRY: REID AND COLE 1049 requires ca. 2,000 hr to develop a spot on X-ray film. The reason for using base hydrolysis of aliquots of the column effluent rather than direct ninhydrin assay of the peptides is due to the fact that a mixture of all labeled amino acids was used for incorporation, and hence the total cpm per peptide is proportional to the number of amino acids in that peptide. However, the ninhydrin color per peptide is usually some inverse function of the size,1' and hence would give low color yields for peptides with high radioactivity and vice versa. The essentially parallel nature of the two curves, therefore, indicates that incorporation had taken place throughout the chain into normal peptide linkage.
Site of histone synthesis: The results of two experiments designed to demonstrate that histone synthesis is indeed intranuclear are presented in Table 3 . It can be seen that lysine-rich histone synthesis is insensitive to RNase which indicates that histone synthesis is not taking place on cytoplasmic microsomes attached to the nuclear membrane. As may be seen in Table 4 , however, the system does show a requirement for Na + ion as does the nuclear synthesis of general protein reported by Allfrey et al. 5 The Na+ ion has been shown to be specifically required for amino acid transport across the nuclear membrane.6 The finding that incorporation into all three protein fractions is sensitive to Na+ ion is consistent with this. Thus, the observed Na+ ion dependence for histone synthesis is good evidence for its taking place inside the nuclei and not in the cytoplasm of the small number of contaminating whole cells found in these preparations. Summary.-(1) Incorporation of labeled amino acids into histone and nonhistone protein of isolated calf thymus nuclei has been demonstrated during in vitro incubations. (2) The labeled lysine-rich histone investigated was purified and identified with authentic lysine-rich histone by gel electrophoresis, ion-exchange chromatography and amino acid analysis. (3) The observed incorporation into lysine-rich histone was shown to be true synthesis of normal histone peptide linkage by tryptic digestion and fractionation of the resulting radioactive peptides. (4) The synthesis of lysine-rich histone is RNase-insensitive but requires Na+ ion, suggesting that it takes place within the nucleus. We have previously shown that growing hyphae, resting conidia, and dormant ascospores of Neurospora crassa contain the same populations of ribosomes and of RNA molecules." 2 Thus, ribosomes and soluble RNA are stored in cells which are not actively synthesizing proteins.
Recently, several groups of investigators-have demonstrated the presence of organized ribosomal aggregates in cell extracts. These aggregates, or polyribosomes, are composed of several ribosomal units, 70S or 80S depending on the organism, linked together by informational RNA. There is convincing evidence, from in vivo and in vitro analyses of several different organisms, that polyribosomes are compulsory for protein synthesis.
In the present work, we show that polyribosomes are indeed present in growing hyphae and germinating spores of N. crassa but that they are not conserved in cells, like resting conidia and dormant ascospores, which do not synthesize proteins. Our results therefore suggest that informational RNA, unlike soluble and ribosomal RNA's, is not stored by fungal spores.
Materials and Methods.-Growth, germination, and starvation: Strains and growth conditions were the same as those described elsewhere." 2 However, filaments and spores were harvested by filtration on Whatman no. 1 paper and washed with tris-HCl buffer, pH 7.4 (10-2 M) containing 10 
